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I
Introduction:

1 The Laser-Materials Interaction Laboratory at the Center for High
Technology Materials of the University of New Mexico is devoted to the study

* of a broad range of laser spectroscopic probes of semiconductor and nonlinear
materials, fabrication processes and optoelectronic devices. Much of this
work is being carried out in conjunction with the Optoelectronics Research
Center Program at CHTM, which is also partially funded by the Air Force
Office of Scientific Research. Significant progress has been made during this
reporting period in a number of areas including- ultrafast operation of
optically-pumped resonant periodic-gain GaAs surface-emitting lasers;
grating coupling to surface-plasma waves; and high-speed Si Schottky
photodiodes. Only brief summaries of this work are presented here. More
detailed descriptions are included ir the attached preprints and reprints.

Ultrafast operation of RPG-VCSELs:
High speed pulsed opertion of surface-emitting lasers is necessary for
applications involving information processing. We have investigated
experimentally and theoretically the picosecond dynamics of resonant
periodic gain (RPG) vertical cavity surface emitting lasers (VCSEL) optically
pumped directly into the gain region. The pulsewidths and pulseshapes
obtained from the cross correlation of pump and signal pulses, showed a fast
rise and a relatively slower fall time. This was the first report of time-
resolved output pulse shapes for these lasers. The shortest pulse width of -
13.4 pd esd obtained at a pump fluence (- 5 x threshold) of 0.6 nJ. The
dependence of pulseshape and pulse delay agree well with a simple rate
equation gain switching model. This model gives a cavity lifetime of 8.3 ps
and, thus, a lower bound on the cavity mirror reflectivites of R1R2>0.99. This
is the first direct measurement of the mirror reflectivities and is in good
agreement with the values calculated from simple Fresnel reflectivity
models.

3 Grating Coupling to Surface-Plasma Waves:
Work on this project was primarily completed and reported in the prior
annual report. Papers based on this work have now been published and are
included in the appendix.

High-Speed Si Schottky Photodiodes:
Relatively little work has been reported on high-speed ultraviolet detectors.
As ultrafast UV-sources become more available, these is increasing interest
in high-speed detectors for monitoring photochemical and other high-speed
phenomena. In addition, UV is alway of intcrest for space-based systems
because of the reduced optics size associated with the shorter wavelength.I

I
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Application will require development of improved detectors as well as
sources. We have developed and tested (UV-heterodyne characterization at
334 nm)high-speed planar Ni-Si-Ni Schottky barrier photodetectors. For a
4.5-jim gap geometry, a 16-GHz 3-dB heterodyne response, limited by
packaging effects, is measured at a wavelength of 334 nm. This is the
highest reported speed for a Si detector at any wavelength. A photodiode
transport model, including carrier drift, diffusion, and recombination is in
good agreement with the measured detector frequency response. This model
gives a 24-GHz 3-dB point for the present detector exclusive of packaging
response and predict a 86-GHz 3-dB response for a 1-[tm gap geometry.

I
I
I
I
I
I
I

I
I
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Laser-Material InteractionsI
PUBLICATIONS

I A cumulative list of publications for this program is attached. Only
new manuscripts or newly published versions of previosly reported preprints
are included in the appendix. These are printed in boldface in the
publications list.I
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U Ultrafast Operation of Optically Pumped
*I Resonant Periodic. Gain GaAs Surface

Emitting Lasers
I A. MUKHERJEE, M. MAHBOBZADEH, C. F. SCHAUS, AND S. R. J. BRUECK

I
Abiract-Generation and ebaracterizadom of picosecond optical excitation was into the first Bragg reflector followed by

pulses from vertical-cavity resonat-Ierlodic-gal GAi-AIGAs 5r- photoluminescence pumping of the gain region. Time delays
face-emitting lasers optically pumped by picosecond dye-laer pulses is between the pump pulse and the RPG output were - I ns
reported. The output pulseshape was obtained from the cross corrals dbta ed the pp pulse a ne le ; outpuere -n
dos of pump and signal pulses. Dependence of signal pulsewldtb and dominated by the photoluminescence lifetime; instrumenta-
pulse delay on pump power were investigated. The results are in good tion-limited pulse width measurements were - I ns. Re-
agreement with a simple rate equation model of the pulse formation. A cently, Karin el al. [7] reported on autocorrelation measure-
cavity lifetime of 8.3 ps, compared with a gan medium transit time of ments for a optically-pumped MBE-grown 20-period RPG
-0.1 p, Is determined for this very high-Q structure. VCSEL with 30-nm quantum wells. Pulsewidths of < 6 ps

1were reported for a comparatively low-Q cavity (92.2 andSI. INTRoDucTIoN 98% mirror reflectivities).
NTEREST in vertical-cavity surface-emitting lasers In this letter, we report on experimental observation and
(VCSEL's) has grown recently. The rapid progress has theoretical simulation of the picosecond dynamics of RPG

been due largely to the development of high-reflectivity Bragg VCSEL's optically pumped directly into the gain region. The
reflectors which are grown (by either MOCVD or MBE) as pulsewidths and pulseshapes obtained from the cross correla-
an integral part of the laser structure. The relative simplicity tion of pump and signal pulses, showed a fast rise and a

I of fabrication, the potential for low threshold, high efficiency relatively slower fall times. This is the first report of time-re-
lasers, and for high density two-dimensional array operation solved output pulse shapes for these lasers. The shortest(
are especially attractive. Several alternate configurations of pulsewidth of - 13.4 ps was obtained at a pump fluenceIthe gain region including simple heterostructures [1], multi- (approximately five times threshold) of - 0.6 n! (4-ps pump
pie quantum wells [21, resonant periodic gain (RPG) multiple pulsewidth in a - 10-ju diameter spot). This same structure
quantum wells [3], (X/2 separation), and single quantum was previously used for CW investigations [31 and had very
well [41, have been demonstrated with either electrical or high calculated mirror reflectivities (R1 R 2 - 99.6%). The

I optical excitation. dependence of the output pulsewidth and delay on the pump
For applications involving information processing, high- power are reported. The pulsewidth, pulseshape, and delay

speed pulsed operation of these lasers is necessary. The very agree well with a simple rate equation model.
short cavity length (- 2-5 jum) results in a very rapid photon !I. Tw
transit time; however, the very high-Q resonators necessary
for laser operation substantially lengthen the cavity lifetime, The normalized rate equations describing the temporal

and hence the gain-switched pulsewidth. Optical pumping behavior of the carrier density and the optical intensity in the

with ultrafast laser pulses provides an important technique for laser cavity are given by

evaluating the fundiamental lasr temporal behavior without dn , (v - . +P L
the complications of circuit parasitic which inevitably effect -= - I-(1)

I electrical pumping measurements. A modulation bandwidth 7r7

of 8 GHz has been reported by Jewell et al. [51. Raja et a/. dS- = -S + S(n - n)(2)
[61 reported optical pumping results for a 20-period RPG d(
GaAs-GaAlAs laser excited at 620 nm where the dominant where

7 = time normalized to the cavity lifetime (= t/-r)

Manmscript received August 22, 1990; revised October i, 1990. This n = carrier density (normalized to the clamped carrier den-
wor was supported by the Air Force Offte of Scintific Research. sity above threshold, neglecting transparency, n, =

A. Mukherjee. M. Mahbobzadeh, and C. F. Schaus are with the Center 1/0r, where 0 is the gain coefficient per carrier)Ifr 11h Technology Materials and the Dparment of Ectrical and Com- S = photon density (also normalized to n)puwsEr neeri, University of New Mexico, AJbuquerque, NM po3n.
S. It. J. Brueck is with die Center for Higb Technology Materials and the P = optical pumping rate (normalized to the cw threshold

Department of Electrical and Computer Fngineering and the Department of neglecting transparency requirements, P, i/07,)
Physics and Astronomy, University of New Mexico, AlbuquerqNe. r = carrier lifetime in the gain region

IEE Log Number 9041164. 7, = cavity lifetime, andI
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Fig. I. Time evolution of pump pulse, carrier Populatio and photon Time (p)

output based on a simple rate equation model of a gain-switched semicon- Fig. 2. Cross-correlation between the RPG VCSEL output pulse and the
ducto laser, dye laser pump pulse for a pumping level approximately five times

threshold. Note the asymmetry of the output pulse (solid line) in good
n= = the carrier concentration (normalized to n, ) required agreement with the calculated pulse shape (dotted line). The theoretical

for ty time delay as well as the output level were arbitrarily adjusted for this fit.o The insert shows the auto correlation of the pump pulse of -4 ps
For a pump pulse with a Gaussian temporal profile of Fwwt.

FWHM - 4 ps, (1) and (2) were numerically integrated mirror (15%); the VCSEL output was collected by the same

using a simple predictor-corrector algorithm. The result for objective and directed into the correlator along with a split-off
the temporal evolution of the carrier and photon density portion of the pump-pulse train. The harmonic crystal wasI crreponi isnoraliedtote cvit lfetmeond then ofmppthe tr-m upain he 6-mo cstal
corresponding to a pump power of 5 PA is shown in Fig. 1. rotated to provide a cross-correlation response at the 398-nmThe time scale is normalized to the cavity lifetime and the sum frequency of the 740-nin pump and the 862-nm VCSEL
vertical axis to n . The pump pulse is also shown in this output. This procedure provides the pulse width and a relao
figure. Notice that the carrier density rises as the integral of tive pulse delay. For the shortest pulse delay, both the pump
the pump pulse and then undergoes a very slow spontaneous- pulse reflected from the VCSEL and the output pulse were
emission decay while the photon density is building up from observed with a fast detector and oscilloscope combination to
very low initial levels. The gain switched output pulse, along provide a calibration of the peak-to-peak time delay (- 16
with a concomitant rapid depletion of the carrier density GHz bandwidth to determine the absolute delay); this intro-
occurs after a delay of several cavity lifetimes. Note that the duces a relative error of - ± 3 ps.
output pulse is asymmetrical with a relatively fast rise and a The cross-correlation signal for the shortest VCSEL output
slower decay. Following the output pulse, the carrier concen- observed is shown in Fig. 2. The pulse width is - 14 ps with
tration is depleted to belo% .reshold and decays with the a fast rise- and a relatively slower fall-time. Taking the finite
spontaneous lifetime. This model, neglecting gain and ab- pump pulsewidth into account, the pulsewidth of the VCSEL
sorption saturation, Auger recombination, etc. is a simplifi- was estimated to be - 13.4 ps. The small prepulse is due to
cation of the actual situation. However, it provides a very a residual satellite pulse present in the pump pulse train used
good fit to the experimental data. A simple model extension for this particular measurement. The relatively longer
to empirically include gain saturation has been presented by pulsewidth from our VCSEL compared with a FWHM <6
Morton et al. [91. ps reported in [7] is attributed to our higher mirror reflectivi-

III. ExPEmENT ties, resulting in longer cavity lifetimes. The dotted line is the

The VCSEL structure was grown by MOCVD on a GaAs numerical result from the rate equations for the parameters,
substrate. The laser structure consisted of a 30-period 7, = 8.3 ps, n. = 0.5, re = 200 r,, and P = 5. The time
Ga0 .I 5AJ 0.As-AlAs X/4-reflector stack (calculated reflec- delay and pulse amplitude were independently adjusted to
tivity 99.9%), a 20-period RPG region with 10-nm GaAs match the experimental result. Good qualitative agreement
quantum wells and Ga0.IAlo.2 AS X/2-spacers, and a 20- with the details of the experimental pulseshape is obtained.
period Ga0 .7Al0.As-AAs X/4-output reflector (calculated An input-output curve for the ultrafast operation, Fig. 3,
reflectivity 99.7%). The Al concentration in the gain region of this VCSEL showed a threshold of 10-mW average power.
spacers was lower than that in the mirror stacks to allow for The external slope efficiency of the theoretical input-output
direct optical pumping of the gain region. Details of the curve was adjusted to the experimental value of - 10%. The
MOCVD growth and laser structure have been reported cross-correlation data showing the pulsewidth and peak-to-
previously (3]. peak delay as a function of pump power is shown in Fig. 3.

The VCSEL was optically pumped with the output of a The x-axis is pump power in units of threshold power and
CW-modelocked dye laser (4-ps pulses, 82-MHz repetition the y-axis is time in units of cavity lifetime. The solid lines
rate at 740 nm). A typical second-harmonic intensity autocor- represent the theoretical fit for the identical parameters used
relation of the pump pulses showing an actual pulsewidth to fit the pulseshape (Fig. 2). In fitting these data, the
- 4 ps is shown at the inset in Fig. 2. Notice the absence of calculated results for P were renormalized by 1/(1 + n,) to
any coherence spike in the autocorrelation indicating stable account for the transparency requirements. That is, the defi-

I dye-laser operation 181. This pulse train was focused to a spot nition of P,, neglects transparency requirements; since the
* diameter of -10 am using a 10 x -microscope objective experimental data are normalized to the actual threshold.

(available average power at the gain region was 60 mW including transparency requirements, the model values of P
accounting for optic loss, measured reflectivity from the are divided by (1 + nu.) for comparison. Again, there is very

IVCSEL front surface and estimated absorption in the top good agreement. There exists some uncertainty in the 7r and
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a Sa- - - 9 into (2) which can be integrated to yield

t Wfor a delay time much less than 7#. Here, E is the integrated

0 energy in the pump pulse. The second exponential in (4) can
of 0 be expanded with the result that for an exponential growth of0 1 8 s a , A for lasing the very simple result

Fig. 3. Power dependence of the PG VCSEL output pulsewidth, delay r,,y - A7/[P - (I + n.)] (5)
form de pump pulse. and output power. The power ais has been
normalized to t observed thresho power for the experimental results is obtained. Traditionally, values of A between 20 and 30
and to the cw threshold (including transparency requirements) for the have been invoked for amplification above the background
model results. Good agreement is obtained for a cavity lifetime of 8.3 at.
The dashed curve associated with the pulse delay data is an approximate levels, a value of 23.5 provides die ben fit with the detailed
analytic result (see text). numerical calculation. This result is plotted as the dashed

curve in Fig. 3. Good agreement is obtained with the more

n, values; comparable fits were obtained for a relatively exact numerical calculation.
wide range of values. A time-resolved photoluminescence We have reported generation and characterization of ultra-

experiment to independently measure 7,, iq planned; this will fast optical pulses from a GaAs-GaAIAs RPG VCSEL opti-

allow a more precise estimate of n, from this model. The , ally pumped by 4-ps duration dye-laser pulses. Cross-corre-
experimental points for both pulsewidth and delay deviate lation experiments yield a minimum pulsewidth of - 13.4 ps

from the theoretical fit towards longer times for higher pump as well as the asymmetric pulse shape, and the power depen-
powers. This may result from gain saturation or spectral hole dence of the pulse duation and delay. These results are in

burning leading to absorption saturation of the pump. Any good agreement with a simple rate equation model of the
mechanism that decreases the gain below the linear regime of gain-switched pulses. Analysis of the rrsults point to varia-

the model will result in a saturation in the pulsewidth and tions in cavity losses between CW and pulsed operation of

delay above that predicted by this simple model. these lasers. Clearly, a shorter cavity length and/or lower

mirror reflectivities will yield shorter pulses. Further investi-

It is informative to compare the cavity lifetime with a t

simple cavity transit time. The cavity consists of the 20 X/2 ACrNowtMOO cr

periods of the gain region plus the distributed mirror layers, We wish to thank M. Y. A. Raja and A.-S. Chu for

An effective cavity length is given by including the mirror extensive assistance at the early rages of this investigation

Ile lengths (- 10 X/4 sections for each mirror) along the and J. G. McInerney and N. Mukherjee for many helpful

gain region; this gives round-trip transit time 7, of -9 x discussions.
10- 4 s. The effective cavity parameters am related to these PEFtNcs
times by the simple relationship [l K. 1p, F. Koyanm, and S. Kinoshita. "Surface emitting semiconduc-

I - RRae- 2,1  ,/(3) tor lasers." IEEE . Quantum E/kcron., vol. QE-24, 1845-1855,
1911.

where R, and R, are the mirror refiectivities and a is the 21 Y. H. Wang, K. Tai, J. D. Wym. M. Hong, R. J. Fisher. J. P.

(effective) loss coefficient due to background and mirror GIN -scH va caho. srface nat m tipal dquan,-m we

scattering and free carrier absorption. Assuming that the Photon. Technol. Len., 2, pp. 456-458. 1990.
mirror reflectivities are the theoretical values of 99.9% and 131 C. F. Schaus, M. Y. A. Ra* J. G. Mclnerney, H. E. Schaw. S.

Son, Mi. Mahbolizadell. and S. Rt. J. Bnieck "Higbiefficiency CWI
99.7% for the present structure, (3) can be used to estimate op ,m ofMr o-n OA,/,rk,, vatic, c-vity lsr wi h
e - 2*1- 0.993. This result is conistet with the observed rePo periodi O." fEron. Leta., vol. 25, pp. 637-631,

differential quantum efficiency in this experiment of - 12%, 1919.
141 Y. H. Lee. J. L. Jewell, A. Scherer, S. L. McCall , . P. Harbison.

but is ioie whh m hand L. T. Flor . "Room temperature cofinms-wave vertical cay-

indeed overall) power conversion efficiencies observed for ity single-quantum-well microlaser/diodes." Electron. Lett.. vol.

CW excitation in this same structure [3). This discrepancy 25, p. 1377. 1989.
discrepelanc.LeA.Sheey.L Mcn.N A LUJ

may be due to higher photon losses in the pulse excitation P. Harbison, and L. T. Flora. lSrfNce .i mcrolasers for
case where much higher intensities leading to saturation and phoonic switching and iferhip coanediom," Opt. Eng., vol. 29,
multiphoton excitation processes are possible. Detailed me&- no. 3. pp. 210-212, 1990.

161 M. Y. A. R ja A. Mukherjee, M. A. Malhbcrdeh, C. F. Stus.
surements as a fuinction of mirror reflectivity are underway to and S. R. i. Brueck, Conf. Dig. 1989 LEOS Ann. Meet., paper OE
resolve this issue. 11.5.

It is pssible to obtain an approximte analytic result for M[7} R Kan L. E. Melcer, J. E. Bowes, S. W. Cornse, R. S. Geeh,
and L. A. Coldren, Conf. ft. CLEO'90, paper CFO2.

the time delay between the excitation and output pulses, [1 J.-C. Diels in Femtosmcond Dye Lwm: Prnper and ApplC-
asi ng that both pulses ame short compare with the time tions, F. Dmft and L. Hillman, Eds. Boom. MA: Acadlemic

1990.
delay from (1) and (2). During this time delay, the photon 19 P. A. Morton, D. L. Crawford. and J. E. Bowers. -Design of
density is negligible so that (I) simply gives an exponential 1.3-om GalnA&P mrface-emitang lawe for hig4andwidth opera-
decay for the carrier density from the initial excitation pulse ion." opt. Left,., vol. 1, pp. 679-681, 1990.
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II A Simple High-Speed Si Schottky Photodiode
B. W. Mullins, S. F. Soarm, K. A. McArdle, C. M. Wilson, and S. R. J. Brueck

I Abam-Deda, fabtica., sad UV-erodyae charser- High-spee UV detectors have been reported using vertical
ladom of NI-I-NI el-mkooductor-metal SeboUky bar- Schotky barrier [11], planar interdigitad Scottky barriertier photodetector is reportd. Plna detecton were fisle-
ried, w•th ors s mphlevad h ah pro ee ab r I- [9], Si p-n junction, and vertical p-i-n with a thin p-layer

S bo a -depb p -- i Ih~iSnStaeom*W wit pp &=sd [12], with only moderate success. A promising design used a
dorn from 15n. requemay reepoa of the device was planar interdigitated Schotky barrier with a low-frequency
charsicterzda t a CW-lur eterodym e system at 334.5 am. quantum efficency of 12% at 337 unm and a frequency
For a 4,5-pm latrdlgtated device, a 3d respome of 16 GRz b response of 5.3 GHz, measured at 800 nm [9]. No picosec-
measured, giviag 22 GHz wha deconvohed from the ond impulse, a, or h response meas-pahg/coaaector. A detaild theorticaml model of the photodi- odmpIO uoorltoo eeoyersos esoded. msiin acopo A da ec of carrier = rafep bot d de- urmnts at UV wavelengths have been reported.
vice geometry b to eceet agement with tw mmauremest. We report on fabrication and UV-heterodyne characteriza-I Tb modd prefts ae 6-Hz 3-i respo for the I-om gap tion of high-speed planar Ni-Si-Ni Schotky barrier photode-
geomry deviess. tectors. For a 4.5-pm gap geometry, a 16-GHz 3dB hetero-

dyne response limited by packaging effects, is measured at a
br D CnON wavelength of 334 rin. This is the highest reported speed forIrT HERE has been extensive research on high-speed low- an Si-based detector. A photodiode transport model, includ-Lnoise p d c in the 0.8-1.5 pm wavelength range ing carrier drift, diffusion, and recombination, is in good

for use In optical communication systems. Four general agreement with the measured detector frequency response.
device designs, p-i-n [1], [2], vertical Schottky barrier [3], This model gives a 24-GHz 3-dB point for the present
planar Schottky barrier [4]-P], and avalanche photodiod detector exclusive of packaging limitations. For a i-pm gap
[8], have been developed. Device materials include Si [5], geometry, the model predicts an 86-GHz 3-dB response for
[91, InGaAs [8], and strained-layer superlattices [10]. In the these simple Si detectors.
near infrared region, very fast, highly responsive detectors The detector consists of a side-by-side pair of metal-
have been fabriated. Frequency responses up to 67 0Hz and semiconductor junctions comprising a metal-semicon-E quantum efliciencies of 80% have been reported for p-i-n ductor-metal (MSM) diode. The exposed semiconductor,
devices [21. Th fastest Schotky-barrier devices reported betw the metal pad, i fully depleted with an appropriate
have a 1 lO-Hz frequency response [4]. applied bias. This depleted region is the photosensitive region

In contrast, relatively little work has been reported on of the diode, and high applied fields result in very fast,
ultraviolet detectors. As ultrafast UV sources become avail- saturated drift velocities of the charge carriers. It is important
able, there is increasing interest in high-speed detectors for to appreciate that both electron and hole velocities are equally
monitormg photochemical and other high-speed phenomena. important in this configuration. In this regime, Si offers

The most salient materials characteristic at UV wave- performance comparable to GaAs and InP, in contrast to the
lengt that determines detector design is the very high situation in which Only electron velocities and mobilities are
absorption coefficient of - 106 cm -for almost all semicon- important. The direct access to the depletion region by UV

S ductors. This dictates a design with very shallow junctions in photons avoids the short absorption length problem inherent
traditional vertical geometries and favors the planar su- in other designs.
tA common phenomenon, reported for all MSM devices, is

a spurious gain mechanism leading to an anomalous effective
MIs mcrmitraeid Oclober 31,. 19W0 revie Jad o, i1, 1"1. 1 bb quantum efficiency, > 100%, at low frequencies [9], [13].I work was oppd 1. put by t Naval Research LAboram.Te
S. W. Mufins was wit Cer for HO TacNaoloa . a Tentative explanations have been put forth [14], but no

Depuareu of Pksca ad A onomy, Uiversity of New Met=, ,,t- definitive models have been presented. This phenomenon is
penu . NM. He ow wAhipLaborstry. Litmnd Air Force Base. also seen in the devices tested in this study. Our results
*Ae.q 1 o, NM 87117. indicate that this gain is most likely photoconductive resultingS. F. Sown is with dk em~ for W*l Techok Mawrias and the

Denmmg of seceu .ad coue rnieerng. uhrnm y oc New from junction leakage; a more detailed analysis will be
Mex:W., Aamqipe. NM V131. published elsewhere.

L A. MIArdle md C. M. Wilm m wit dh Caf n for Hih TOMol-
op Maerials and di DepruN r Poffy mid Astrosmy. Univeriy o FAwumc4'noN O Ni-Si-Ni MSM SCHari BARR=
New Meis, Ab q aW, NM 87131.

S. 1. . buck i wist the (Cane for HiOh Tedhlolo, MuW te PHOTODIOXMs
Dem t of ft mid AWmmy, ed do Depaunceoauticel nd MSM photodiodes were fabricated with Ni Schottky con-
Compatr Enamig, Universy of New Mexico. Abouqra NM tetO ~kS ngX11
37131. tts on bulk Si (n-8 x 10" cm- 3). A planar, lateral

MM Log Number 9144500. geometry with both contacts on the top surface of the Si was
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(d) .o010

F1g. 1. MSM deutctor smcre. Bding ped& 75 x 75 ,. Window: 0.007 0 2 e 6 a
2 20 Im' . (1t) Cr/Au (200 ir) (bo) (30 am). (C) S0 2 (80 am). (d) Si Frequency (HS)

(sepetin-g plFig. 2. Freqency reqone of a 4.5-prm pp inte otad detector at 30 V

used; both simple-gap and interdigitated, or serpentm- p ,  bin.

devices were fabricated with gap widths varying -from I to amplifiers and cabling from the SMA connector to the RF-
4.5 in. A representative structure is shown in Fig. I. The spectrum analyzer was calibrated from I MHz to 18 GHz
first layer is an 80-nm-thick SiO2 film. Windows, ranging using a vector network analyzer. Absolute responsivity R(w)
from 100 to 500 pm2 , expose the semiconductor surface was confirmed by comparison to the measured dc responsiv-
where the Schottky contacts are formed. The oxide serves to ity of a well-characterized low-frequency commercial detec-
isolate optically inactive metallization areas and reduce june- tr.
tion capacitance and dark current. The second layer is a ,EsuLs
30-im-thick Ni film with a series resistance of 50-60 0 and
a transmission of 17% at 334.5 imn. The Ni-Si contacts form Measurements of R(ou) were made on several different

the MSM photodiode. The photosensitive semiconductor re- detectors under a variety of conditions. T7he bulk of these

gion between the contacts varies in area from 15 to g0 pm 2  measurements were used to validate an MSM detector m-

in the simple-gap geometry. The final layer is a 30/170 nm sponse model that predicts high-speed detector performance

Cr/Au film to form the 75 x 75 1m2 bonding pads. as a function of bias and beam diameter and position on the

Photodiodes were fabricated using conventional pho- detector, using Si carrier transport properties [IS). The model

tolithography, including standard liftoff techniques for metal includes effects of carrier drift, diffusion, and recombination.

definition. Si wafers were cleaned and inserted into a pre- A more detailed description will be published elsewhere. The

heated fumace (I 100l ), with an 02 flow of 4 1/min, for 25 model was compared to the measured frequency response for

min, to grow the 80-nm oxide. The windows in the oxide gap dimensions of 4.5, 3,.and 1 pm with differing biases and

film were etched, and the metal films deposited in three beam positions.

photolithographic steps. Metal films were deposited in an R(w) curves are shown for a 4.5-jm gap interdigitated

electron-beam evaporator at a rate of 0.5 nm/s. detector at 30- and 10-V bias. (Figs. 2 and 3) Heterodyne

After fabrication, wafers were cleaved to separate dies signal levels were greater than 20 dB above the shot-noise

incorporating detectors with variations in geometry and di- floor across the entire frequency range; the - ±1 dB varia-

mensions. An individual die was mounted at the edge of an tions are due to package and electronics resonances as can be

Au-on-alumina microstrip high-speed package using heat- seen by noting the pattern similarity in the two figures. he

conductive epoxy. The package was mounted on an Au-coated 2-pm FWHM beam was centered in the detector gap, and

Al block and an SMA connector (18-0Hz bandwidth) was R(w) was measured out to 18 GHz. The 30-V data (Fig. 2)

pressure fitted to the strip. Gold wires (25-pm diameter) wem have been extended to show the low-frequency gain region,

wire bonded between the photodiode, the package, and inherent in all MSM photodiodes. Two theoretical plots ae

ground. Care was taken to ensure sot bond wires s that shown. The upper curve in both graphs is the detector model

packaging inductance did not affect the mensurenme. Dart which is in good agreemeat with the data ot to about 14

currents, in this nonoptimized design, were <50 nA for it Hz. At tMew equencies, the bandwidth limitations of the

25-pm-long device at a 10-V bias. For broad-band photodi- SMA connector on the detector package become important.

ode applications, the noise associated with this low dark The SMA connector-detector package can be modeled.as the

cuent is negligible in comparison to RF-amplifler input product of a simple single pole, with a characteristic fre-

noise. quency of 18 GHz, due to the SMA connector, and the
detector response. This leads to the lower modeling curve.

EXP!wmTAL ARRANoEmwr An excellent fit is obtained out to the experimental frequency

A UV-heterodyne system was developed to characterize limit of 18 GHz, constrained by available amplifiers. The
these detectors (151. A single-mode Ar+-ion laser, X - 334.5 effect of the SMA connector can be seen on both the 30- and

rn, and an intracavity doubled (LlO3), frequency stabilized 10-V dat. The variation in the frequency response for these
dye lua provided the local oscillator and signal beams, two cases arises because of the (slight) change in carrier
respectively. Careful attention was placed on beam and polar- velocities at the two applied field strengths in this saturated

ization overlap. A typical local-oscillator intensity of 107 regime. The only adjustable parameter is the overall quantum
W/cm2 (- 2-ptm FWHM) at the detector was necessary to efficiency.
reach shot-noise-limited detection. The pin of the RF- An extrapolation of the detector bandwidth can be made
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Data dation was irreversible and severely limits the applicability of... Theory
Thory + SKA the unpassivated GaAs devices for ultraviolet applications. In

contrast, the Ni-Si devices were extremely robust with no
changes in speed or responsivity observed over time scales of
several months-both for devices stored in laboratory ambi-

0.010 ent and devices subjected to many hours of hih-intensity UV
Sirradiation.

The simplicity, manufacturability, interconnection compat-
ibility, and robustness of the planar-Si MSM photodiode0 6 a 12 14 16 16 make it a strong candidate for applications where the ultimate

Frequency (H) connection is to a silicon VLSI circuit. The high-speed
Fig. 3. Frequency response of a 4.5-pro gap interdigitated detector at 10 V high-responsivity detector presented here is an ideal candi-bius.

bdate for many applications due to its materials compatibility
- 45 m Gap with standard Si technology and the absence of complex andt oo0 - 3 0 m ap

- 1.0 A Cap expensive epitaxial growths.

.10 0.5
o.TsAcKNOwLDmEmT

05 Helpful discussions with D. L. Spears and V. Diadiuk are
=gratefully acknowledged. C. F. Schaus provided extensive

2 o zs i guidance in device design.
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Grating coupling to surface plasma waves.
I. First-order coupling
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A systematic experimental and theoretical study of first-order grating coupling to surface plasma waves exist-
ing at an air-Ag interface is presented. The experiment extends beyond previous work to grating depths com-
parable with the grating period. The grating profiles range from sinusoidal to rectangular. For TM-polarized
incident radiation this grating depth range includes the entire spectrum of surface-plasma-wave-radiation
coupling-from underdamped, to nearly 100% coupling, to overdamped and the disappearance of the resonance
from the zero-order reflectance measurements. Strong polarization and absorption effects are observed for
the deepest gratings. A simple theoretical model, based on the Rayleigh hypothesis and retaining only reso-
nant diffraction terms without a small-signal approximation being made, provides good agreement with the ex-perimental results.

INTRODUCTION where ko = 2r/A is the free-space optical wave vector.

The study of the interaction of light with periodic struc- The phase-matching condition for excitation of SPW's is

tures (gratings) on metals has a long and distinguished satisfied whenever k0 sin A the component of Ao along the

history. In 1902 Wood' first noted the anomalous behav- metal-air interface, satisfies the condition

ior (christened Wood's anomalies) displayed by diffraction ko sin = -ksw' + n2W, (2)
gratings of large and rapid changes in diffraction intensi-
ties for small angular and spectral variations. Rayleigh" where d is the grating period, 9 is the angle of incidence,
presented in 1907 the first theoretical explanation of these n = ±1, ±2.... is the coupling order, and ks5 w' is the real
anomalies in suggesting that such behavior was due to the part of the SPW wave vector. In Eq. (2) the choice of a
cutoff or the appearance of a new spectral order. In 1941 negative sign preceding ksw' corresponds to a SPW mov-
Fano first distinguished between two types of Wood ing in the direction opposite the incident wave. This ex-
anomalies: (1) an edge anomaly, with a sharp behavior pression assumes that the grating wave vector is in the
related to the passing off of a diffraction order (i.e., a dif- plane of incidence; i.e., the grating lines are perpendicular

fraction order passing over the horizon, 90' to the surface to the incident wave vector.
normal) and (2) a resonancE .1omaly due to excitation of a The SPW dispersion relationship is plotted in Fig. 1 for
bound or surface wave at the metal-dielectric interface.' a lossless, free-electron metal (e. = 1 - ,,5/,s), where

Surface plasma waves (SPW's) are TM modes of the the axes are normalized to the plasma frequency wp and
electromagnetic field bound to the interface between a the corresponding optical wave vector (k. i,)/c). Also
metal and a dielectric. The condition for existence of the shown as two vertical dashed lines, corresponding to the
SPW mode is e.' < -ed, where e.' is the real part of the n = - 1 orders in Eq. (2), are the wave vectors of a surface
metal dielectric constant and ed is the dielectric constant grating. Finally, the wave vectors accessible in the n = 0
of the dielectric. Related modes, first investigated by and n - ±1 orders by variations in the angle of incidence
Sommerfeld,' exist when one of the media is highly losy, are shown as horizontal lines. This figure was drawn for
The SPW phase velocity is less than the light velocity in a grating period smaller than the optical wavelength

the dielectric, and phase matching between an incident, (A/d > 1); note that there is only one point that satisfies
freely propagating wave and the SPW is accomplished Eq. (2), for n = -1, and at this incident angle there is no
either by a prism' or by grating coupling techniques. allowed diffraction order.

The SPW dispersion relation for a planar metal-air i- In 1967 Teng and Stern first detected SPW's optically
terface is simply given by' by bombarding 1200-line/mm (833-nm-period) gratings

with 10-keV electrons and observing the emitted optical
hopw - koe./(. + 1)] , (1) radiation.' They observed that the line shape of the

0740-3224/91/040770-10$0&00 a 1991 Optical Society of America
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0.60 - Weber" simplified this treatment by developing a renor-
I- C malized mode-coupling theory that retained the resonant

terms and treated all other terms within perturbation
theory. Yamashita and TsjiM independently developed a

" 0.48 differential formulation that treats the resonantly gener-
3ated fields on a par with the incident fields and allows for

N. saturation and decreases in coupling with increasing grat-
k0 SINO ing depths. They employed a power-series expansion in

- 0.36 koh and restricted their study to small grating ampli-
I /I tudes; simple analytic expressions were obtained for the

U :SPW +2,/d coupling strength as a function of h.
Z COUPLING In this paper a comprehensive experimental and theo-

0.24 - retical study of first-order grating coupling to SPW's for aN \wide range of grating parameters is presented. The ex-

WI knowledge, a relationship between grating depth and
0.12 grating period for SPW coupling and extend to grating

',depths that no longer support SPW's but rather show
polarization and absorption effects. The theoretical ap-

_______ _proach is an extension of the Rayleigh hypothesis includ-
0.00 1 I ing only resonant terms in the Rayleigh expansion (cf.

-0.9 -0.6 -0.3 0.0 0.3 0.6 0.9 Refs. 23-25). This results in considerable simplification;

WAVE VECTOR (k / k) reasonable agreement between theory and experiment is
'Y P found out to depthpeiod ratios of -0.5. Gupta et a.

Fig. 1. Dispersion relation of SPWs for a lossless, free-electron used a similar approach to describe grating coupling to
metal (e = I - ,2/,,s) The axes are normalized to W, and long-range SPW modes on thin, symmetrically bounded,

, - ,,/. The grating wave vectors corresponding to ni = t1
order of a grating of period d are shown as vertical dashed lin metal s'.m.
The range of wave vectors accessible by variations in the input
angle from normal to grazing incidence for n = 0 and n = ±I is GRATING FABRICATION
shown as horizontal lines. Note that for this choice of parame-
ters (A/d < 1) there is only one SPW coupling resonance, and at Gratings were fabricated holographically in positive pho-
this resonance angle there is no propagating diffraction order. toresist layers spun onto Si substrates with the use of the

488-nm line from a single-mode Ar-ion laser. The details

emitted radiation was influenced by the surface condition of the grating fabrication were presented elsewhere."

of the metal but was independent of the energy of the born- The grating profiles were approximately sinusoidal for

barding electrons. Cowan and Arakawa carried out a shallow depths, evolving toward rectangular profiles as

detailed study ofthe SPW dispersion curves for dielectric- the depth was increased (cf. Fig. 4 below). After develop-

metal layers on concave diffraction gratings and also de- ment these gratings were coated with -100-nm-thick

veloped a quantum-mechanical formalism to describe electron-beam evaporated Ag films. Films were de-
their results.' Hutley and co-workers published in 1973 a posited at room temperature and at background pressures

detailed experimental study of the anomalies of sinusoidal of low 10-6 Torr.

profile gratings as a function of grating depth 1 " and
characterized the SPW line shapes for grating depths OPTICAL ARRANGEMENT
h ranging up to 60 nm for 500-nm-period gratings (hd s AD of the measurements reported here are of the angular
0.12). The integral formalism developed by Petit and dependence of the zero-order reflectance for a fixed-
others1 was used to describe these results with good frequency TM-polarized He-Ne laser beam at 633 nm.
agreement. Pockrand and Raether, in an extensive series The samples were mounted as one surface in a 90" corner
of pubjkatioM1i-1s characterized the 8PW coupling as a reflector attached to a computer-controlled rotation stagse.
function of grating period, depth, and profile. The grat- This arrangement ensured that the reflected beam was
ings studied were sufficiently deep for better than 98% always returned in the same direction and eliminated the
coupling into the SPW mode to be realized. A perturba- necessity of a second rotation stage for the detector. The

tion analysis, developed by Kroger and Kretchmann," incident laser beam was focused with a long-focal-length
was used in modeling these results with good agreement, (0.5-m) lens to a spot of -2 mm. This provided an angu-
although clearly the perturbation approach must break lar limitation of 0.05', much smaller than the observed re-
down as the coupling efficiency approaches 100% A com- flectance variations. Care was taken with the alignment
plt theoretical treatment of grating coupling to SPWs to ensure that the axis of the rotation stage was in the plane
was provided by Mills and co-workersg.IU Their approach of the grating so that the laser spot sampled the same area
uses an integral formulation of the boundary-value prob- of the grating throughout a scan. Grating depths were
lern at the grating interface and an extinction theorem measured in cross section with a scanning electron micro-
mechanism following from Green's theorem that was first scope (SEM). This introduces some errors, estimated at
applied by Toigo d a." The latter study does not give ±5 um, owing to uncertainties in the SEM calibration
simple analytic results but relies on extensive compu- and variations in the grating depth for the different areas

tational and numerical evaluation. Glass et al.' and sampled in the optical and SEM measurements.I
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EXPERIMENT THEORY (3) The shift, in the SPW resonance to smaller angles
with increasing depth,

(4) The residual SPW coupling even at large grating
depth/grating period ratios,

(5) The increasing coupling to the n = -1 diffraction

order. (The sharp spike at -3r corresponds to the collec-
(a) depth = 8 un (e) depth - 10 nm tion of the n = -1 diffraction order in the optical system

and is not part of the zero-order reflectance. It does pro-
co vide a useful monitor of the energy in the diffracted order.)

SEM images of the gratings used for the measurements

oof Fig. 3, taken in cross section, are shown in Fig. 4.
Z Note that the grating shapes are sinusoidal at low depths
E C4 (b) detp 14 but gradually show increasing harmonic components and

b) deph 1. n (1) depth 4trend toward rectangular profiles for the deepest gratings

_investigated. This profile modification results from the
grating fabrication technique."7

Similar experiments were performed for gratings with
periods of 392 and 440 nm, in an investigation of the de-
pendence of the coupling efficiency on grating depth and
grating period. All the experiments were carried out at a

(C) depth 22 un (g) depth 19 m wavelength of 633 nm, in avoidance of variations in the

o0 ________ _______ metal optical properties. Qualitatively similar behavior
was observed, with comparable coupling efficiencies oc-I curring at shallower grating depths for riner gratings.
Experimentally determined coupling efficiencies, reso-
nance angles, and resonance linewidths for all three sets

(d) depth = 35 =r (h) depth f26 nU8 EXPERBWNT THEORY
5 10 is 20 25 5 10 15 20 26

INCIDENT ANGLE (deg)

Fig. 2. Zero-order reflectance at 633 nm for 510-nm-period
gratings with varying grating depths. The left side [(a)-(d)] pre-
sents experimental results; the right side [(e)-(h)] presents theo-
retical modeling. See the text for details. (a) depth =43 n () depth =40 unt

EXPERIMENTAL RESULTS
Zero-order reflectance measurements for a series of 510-
ram gratings with increasing depth are shown on the left-
hand side of Fig. 2. The theoretical modeling shown on
the right-hand side will be discussed below. The major

* features to be noted in these measurements include the (b) depth = 86 nm depthfi 66 m

following:

(1) The excitation of SPW's at 9 - 11.6 corresponding

to the sharp dip in the reflectivity (note that there is no
diffracted order at this angle, so that this decrease corre-spond dirM to energy coupied into the SmW mde

(2) The rapid inr" in copling efficiency with in. t (C) depth_- 88 (g depth - 92nm
creasing grating depth to a maximum observed coupling

of 94% at a grating depth of 35 am, 0

(3) The horizon for the n = -I diffracted order at depth- 145 a.m depth - 120 u

o - 13.80 (this is apparent as the cusp in the reflectivity first order
as energy is transferred from the, specularly reflected
beam to the diffracted beam).
Similar results for deeper gratings are presented on the )(hl

left-hand side of Fig. 3. Note the larger angular scale 5 12 19 26 33 40 5 12 19 26 33 40
in this figumr Specific features to be noted include the INCIDENT ANGLE (deg)
following: Fig. 3. Continuation of Fig. 2 for deeper gratings. Note the ex-

(1) The relatively gradual decrease in the coupling effi- panded angular scale Again, the left side [(aHd) presents ex-
perimental results; the right side [(e)-(h)l theoretical modeling.

ciency of SPW'a, The sharp spikes on the experimental data at -31r correspond to
(2) The clear broadening of the SPW resonance with in- the n = -1 diffraction order entering the collection optics and

creasing depth, are not a part of the zerw-order reflectivity.
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i . variations of grating depth and profile must be investi-

* • A gated for optimization of the polarization of the reflected
beam. Such polarization behavior for square gratings
was predictedU and demonstrated in the infrareds'; to

A period- 392 m our knowledge, though, this is the first observation of
A a p.riod - 4o am these effects in the visible spectral region. SEM pictures

03 (a A a * period - 610 am of the gratings are shown in Fig. 10.(a) Further increases in grating depth result in rectangu-

.0 _ o, ' s o., lar profiles with decreasing line/space ratios. Angular re-

U. . flectance scans for deep rectangular gratings are shown
(b) in Fig. 11 [(a) 320-nm depth, 392-nm period; (b) 330-nm

L4 , a depth, 440-nm period; (c) 300-nm depth, 510-nm period]

A There is a broad absorption of TM-polarized radiation,
while a large diffraction efficiency, increasing with in-

J creasing periods, is observed for TE polarization. Fig-I. ure 12 shows SEM pictures of these gratings.

&0 u THEORY

i. During the past thirty years many grating theories based
An on the vector character of the electromagnetic field have

at J" 0 been developed. An excellent summary can be found in
Z * *. £ Refs. 6, 13, and 20. Integral methods, developed by Petit

.4 * and others, evaluate the field at any point in terms of

. A A an integral over the grating surface A (cf. Fig. 13). A
r • variation of these integral techniques based on a Green's-

A e function formalism specifically directed to the evaluation

01 02 0 .. . . 4 of the SPW dispersion relation on a periodic surface was

GRATING DPTH /GRATING PERIOD extensively developed by Mills and co-workers20 .2 and

Fig. S. Data of Figs. 5-7 for the SPW resonance angle, the reso- Otagawa. In addition, a differential formalism, devel-

nance linewidth, and the coupling efficiency replotted against the oped by Nevierre et al.," was applied to SPW's on a peri-
dimensionless parameter hd. Note that this parameter is ap- odic surface by Numata." All these approaches are fully
proximately invariant for these three grating periods, rigorous, hold for arbitrary profiles, and require exten-

of gratings are presented in Figs. 5, 6, and 7, respectively. irst-order peak

The solid curves are theoretical and will be discussed
below. With increasing grating depth each of the data sets
displays an initial rapid increase in coupling efficiency, 4 TM

peaking at over 90%~ and a slower decrease in efficiency; C
an approximately quadratic decrease in the resonant cou- (a)
piing angle; and an approximately quadratic increase in 0 a
the resonance width.____ _________

These results are summarized in Fig. 8, which shows all
three sets of data plotted against the dimensionless pa- U
rameter h/d, i.e., grating depth/grating period. WithinIexperimental uncertainties these results appear to follow Ta common behavior. Some of the variability may well

srise from differing grating profiles, especially for the ,
deeper gratings. 0 (b)

Further increases in grating depth, accompanied by a 0 .
change in profile to rectangular, lead to an elimination of 1 ___--------__- _-

SPW effects. For approximately square gratings strong
polarization effects demonstrate the possibility of the fab- . TM
rication of reflective polarizers for visible radiation. This
is shown in Fig. 9 where reflectance scans for the three Np
grating periods are given for depths of 200 nm (392-nm
period) 170 nm (440-nm period), and 190 nm (510-nm
period, which resulted in maximum polarization effects. 0 (M)

Note that for TM polarization, almost 100% of the inci- 0 15 30 45 60
dent energ (-90% for the 510-nim-period grating) is cou-InietAge( g.
pled into the firtorder diffraction peek for angles beyond Incident Angle (deg.)U h oio o hsodr.I otat nyapoi Fig. f Seq4uece of zero-rder reflectance scn for approxi-

the horizon for this order. In contrast, only approxi- mately square gratings (hid - 0.5) showing strong polarizing
mately 20 of the energy polarized in the TE direction is effects: (a)/ -200 nm, d - 392 nm; (b) h - 170 nm, d
coupled out of the zero-order reflected beam. Careful 440 nm; and (c) A - 190 nm, d = 510 nm.
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however, their treatment retained the expansion in koh,
which limits its applicability to larger grating amplitudes.
Nevertheless, their model provided an elegant analytic
result that included the quadratic [at(koh] increase in the

SPW intensity with grating depth for shallow gratings,
the saturation of the SPW intensity at a coupling effi-

(a) ciency near 100I , and a gradual decrease of the coupling
[oc(koh)-] for deeper gratings as the energy is coupled
back into the radiating fields, in qualitative agreement
with the experimental results presented above. Weber"
presented a related analysis, based on the extinction theo-
rem, that retains the nonresonant terms in a perturbation-
theory expansion in hoh while also keeping the resonantI
terms.-hroipaewv

These models begin with a time-harmonic, plane-wave
expansion of the electromagnetic field in the regions out-
aide the grating kerf (z < 0 and z > h, Fig. 13); the mag-
netic fields of the TM-polarized fields are given by

B" = Be. = {exp[i(ky + k.z)]

+ B"., exp[i(k.y - a.z)]}e,, z < 0 (3a)

* and

" = B4e. f Ba. exp[i(h.y + fNzl]ex,

z >h, (3b)

where k, = ho sin 0, k. = k@ cos 0, h. = k, + ng,
n - 0, ±1, ±2,..., g = 2ir/d is the grating wave vector
with d the grating period, a. = &(k.2 - o')11 , p =

) TE)First-order peak

(a)
0 I ! I I I I I I I t I

m Fig. 10 SE. pictures of the gratings used for the measure- a TE

sire computation, typically involving matrices of order 40 TM
or higher. I ==

A number of differential analyses, usually based on a cc (b)
perturbation expansion in k.h, where h is the grating 0
depth. and relying on a Rayleigh or plane-wave approach -
have also been presented."" 3  In these treatments the
scattered field amplitudes are also treated as small quan-
tities, of the order of hoh times the incident and reflected/
transmitted field amplitudes. These models have the N
virtue of relatively simple analytic results and ready physi- M
cal interpretation. These perturbational approaches
clearly break down as the coupling efficiencies into SPW 0 _ _ _ _ _ _modes and diffraction orders approach unity, since they 0 15 30 45 60
do not self-consistently describe the necessary decrease Incident Angle (deg.)• in the zero-order reflected and transmitted beams.

amsint zerorde T " treated the coupling prbem ig. 11. Sequence of zero-order reflectance scans for deeperwithi t ayleigh withutomaling p rectangular gratings (hid - 1) showing strng absorption effects:within the Rayleigh hypothesi without making the small- (a) h - b20 am, d - 392 nm; (b) h - 330 am, d - 440 nm; and
signal approximation for the resonant scattered fields; () - 300 nm, d - 510 am.
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and Cadilhac" showed that for TE polarization the Ray-
leigh expansion is convergent for hid < 0.14, and pointed
out that reliable results could be obtained even for hid val-
ues as great as twice this limit. A detailed analysis of the~applicability of the Rayleigh hypothesis to real materials

was recently presented.37 Glass et al. pointed out that
(a) Ithe extinction theorem formalism leads to the identical

dispersion relation.
The approach used here in the comparison with experi-

ment is to apply the Rayleigh hypothesis for TM-polarized
input radiation. For the gratings used in these experi-
ments, hid extends to 0.8, although detailed comparisons
are attempted only to -0.3. The calculation does not
make a small-signal approximation for either the grating
depth or the diffracted field amplitudes. The plane-wave
expansion [Eqs. (3)] is truncated by the retention of reso-I nant terms, eg., n = 0 and n = -1. In addition, the next
terms, n = -2 and n = + 1 are retained in the numerical
evaluations and are determined to be small relative to the
resonant terms. Energy conservation, i.e., a constantI (b) total of the energies in the diffracted beams and absorbed
in the metal, is used as a further check on the calculation.

Thus Eq. (3) is assumed to hold up to the grating sur-
face defined by

f(y) = u sin(gy), (4)

where u = h/2 is the grating amplitude. Using the gener-
ating function for Bessel functions, we can write

exp[iyf(y)] = exp(ivu sin(gy)] f exp(ipgy)J,(yu).

(5)

S(C) The boundary conditions satisfied by these fields areI BO(y, Z) = BM(y, Z)1.u (6)

{BV(y, z) I B'(Y, z) 
(7)an em an l,

IT where

Fig. 12. SEM piturs of the gratins =Wd for the measure- rL( af ay
ments of Fig.11 IL1 -Lll

an + ('02] az Oy
Applying these boundary conditions leads to an infiniteVAU0 0. .10/ 1, set of coupled liner equations:

h=2U W . y Jlk.u) + B% B'll-Jl~)- 'J,_-.(.u) =0

M A (dI- and

Fig. 13. Geometry used in the analyis.

&(k.2 - e15o)", and , is the metal dielectric constant. (h1 - Prkau- (p - n)gk. (-1)iJ
Within the grating kerf (0 < z < h), the validity of this ' a.

expansion is not well established. Rayleigh made the x (a.u)- (P - ),n .,.. 0,
assumption, known as the Rayleigh hypothesis, that for en P
sufficiently shallow gratings this expansion is valid every- (9)
where. This hypothesis was investigated by Van den Berg
and Fokkeman and shown to be analytically correct; Petit where p and n are integers extending from - - to +.

U
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0. o. .1,o0 / the present calculation yields a SPW intensity that is

67 o24% larger than the more rigorous calculation of Garcia."
IM 01 For deeper gratings the agreement is generally within

,,, /109 A similar result was found by Weber" in his devel-

opment of a coupled-mode analysis. This comparison

indicates that despite the relative simplicity of the formu-
, lation the present model provides substantial insight into

: I SPW coupling.
I (a)

232" 3 24 23 2 4 3 ,- COMPARISON OF THEORY

INCIDENT ANGLE (deg) AND EXPERIMENT
The initial step in a comparison of this model with the ex-

1.0 0perimental results is the establishment of the deposition-
0(0) 0.8 (0) dependent dielectric properties of the Ag films. Various

values of the Ag dielectric constant at a 633-nm wave-
- o 1 h1 .os length have been reported, viz., (-16.4,0.54),'

0.4 (-17.% 0.49),'o and (-18.9 2.35).' As is reflected in this

0.2 wide dispersion of reported values, the dielectric prop-
(b) (d) erties of thin films are dependent on deposition- and

substrate-dependent columnar structure, granularity,
1.0 subideal density, and incorporated impurities. Given this

(0) 0.8 uncertainty, the approach udopted here is to adjust the
, o.o oar dielectric properties to obtain a best fit to the experimen-

04~~ 8 tal result for a single grating [510-nm period, 22-nm depth;
0.1. Fig. 2(c)], which gives a value of (-13.65,0.82); this value
0.2( was used for all the comparisons between theory and

(C) o4 experiment. The fit for this grating is shown in Fig. 15;
22 2 24 2 2 22 23 24 25 6 excellent agreement is obtained for a calculated depth of

INCIDENT ANGLE (deg) 19 nm. In subsequent measurements, which will be re-
Fig. 14. Comparison of (a) calculations of Garcia m with [(b)-(e)] ported in detail elsewhere, the dielectric properties of Ag
present calculations for 800-nm-period Au gratings at 633 nm films deposited on Si substrates under identical conditions
(h, - h/2d) were determined independently by ellipsometric tech-

niques to be (-12.9,0.76), within 7% of the values obtained

Note that no small-signal approximation was made in the here. The grating fabrication and the film deposition in-
derivation of these equations. These equations are now volved in the present study were carried out over a period
truncated by the retention of only the fields for n = 0 and of several months, and deposition conditions and the re-
n = -1, the reflected/transmitted and resonant diffracted sulting film properties invariably drift over this time

terms, which are expected to be large based on phase- period; no adjustment was made in the dielectric values
matching arguments [cf. Eq (2) and Fig. 1]. In addition, used in the comparison between theory and experiment.

the fields for n = +1 and n = -2 were retained as a check
on the convergence. The relative field intensities for
theme two orders for a 510-nm-period grating at a depth of . theory
22 nm were 0.017 and 0.0018, respectivelylending support - experiment
to this truncation procedure. This leads to solving an
s x 8 matrix inversion for the field intensities. "a

Using the Green's-function approach developed by Toigo - - -

at al," Garcia evaluated the SPW fields and line shape for
sinumoidal gratings 3  The results, obtained by the iclu- Z
sion of 6o terms in the numerical analysis, are shown in first order
Fig. 14(a) for parameters appropriate to an 800-nm-period Eh i
Au grating of various depths hi = h/2d. For this grating Ur

period and wavelength (633 nm), A/d < 1, and there are
two possible propagating diffraction orders. The reso-
nance shown in Fig. 14 corresponds to the n = +1 SPW
coupling; there is also a propagating n = -1 diffraction
order throughout this angular range. The numbers label-
ing the SPW curves in the figure represent the relative 10 11 12 13 14 15
intensity of the mode. The results from the present treat-
ment for the same parameters are shown in Figs. 14(b)- INCIDENT ANGLE (deg)
14(d). Note the overall similarity of the calculated Fig. I& Calculated zero-order reflectivity SPW resonance line
intensities and line shapes. Interestingly, the largest shapes for e = (-13Aks,0.82) at grating depth h = 19 nm. The
discrepancy is for the shallowest grating, hi = 0.01, where experiments result (h = 22 rm) is shown as the solid curve.I
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coupling at A = 480 nm and found a maximum coupling
period -4 39 m strength for grating depths of 40-40 im.

period -440 nm The model results are summarized in Fig. 16, which
/ shows the calculated resonance angle, resonance line.

0. width, and coupling strength plotted against the dimen-
0sionless parameter h/d for the three grating periods

0.3 investigated. For evaluation of the coupling efficiency
(at this parameter is reasonably invariant; there are more

00- (.significant deviations in the evaluation of the resonance

0 . 0.1 02 o. line-shape parameters.
&aC Ov)erall, this simple model provides a good picture of the

.(. ) / /experimentally observed resonance variations. Disagree-
I4 - ments between theory and experiment increase for deeperI0 c.. i.s ///gratings and larger periods. A significant phenomenon

not included in the theoretical model is the deviation from
. / sinusoidal grating profiles, which increases as the grating

depth is increased and also is more significant for larger
0.I grating periods. The films also exhibit significant sur-

I face roughness (see Fig. 4), which has not been included inI 0.0 1

0.0 o.1 0.8 0.s the model and may influence the observed line shapes.

1.0 Calculated zero-order, TM-polarization reflectivity1o curves for deeper gratings, up to h/d - 1, are shown

:. in Fig. 17. Again, there is good qualitative agreement

Z with the large coupling into the diffraction order for
o6e deep gratings (hid - 0.5), although detailed comparisons

0 I are not possible because of the strong deviation from a
I .4 simple sinusoidal profile of the experimental gratings.

0.8 The model does not show the absorption of TM-polarized

radiation seen experimentally. A detailed comparison

0.0 0. 2 . with experiment requires deep sinusoidal gratings, which
GRATIN DEPTH / GRATING PERIOD are inherently difficult to fabricate because of the strong

Fig. 16. Calculated SPW resonance parameters plotted aainst nonlinearities of existing photoresistsa.2 More nearly
the dimensionless parameter hd. sinusoidal gratings can be fabricated on a transparent

substrate; research continues in the pursuit of a better

Comparisons with the experimental results are shown experimental test of the model for deep gratings. The
on the right-hand sides of Figs. 2 and 3. In each case the theoretical model loses much of its simplicity for rectan-
grating depth for the calculation is adjusted to give cou- gular gratings, where many Fourier components of the
pling efficiencies that match the experimental results. grating profile are comparable in intensity.
There is overall excellent agreement. For the deepest
grating shown experimentally, h = 145 nm, there is a
substantial difference with the model that is probably 1.2
associated with the significant deviation from a simple period = 510 nm
sinusoidal profile at this depth (cf. Fig. 4). Figures 5-7 U
present the model results along with the experimental 0

data for the coupling efficiency, the resonance angle, and 0.9
the resonance linewidth for all three grating periods inves- d0
tigated. There is an excellent qualitative match between
theory and experiment The most sigrnficant dev&tion,
that for the linewidth of the 440-nm-period gratings, is 0.6

most probably due to a variation in the film dielectric
properties for this set of gratings. The coupling efficien- depth= 300 nm

cies first increase rapidly as the grating depth is increased, 0.3
I saturate near 100% coupling, and then decrease as the

resonance becomes overcoupled owing to radiative damp- 0
ing back into the zero-order radiation fields. This cou- =depth 180 nm
pling change is accompanied by approximately quadratic 0.0
changes in the resonance angle and linewidth with in- 5 12 19 26 33 40
creasing grating depth. Remarkably similar qualitative
behavior was predicted by Weber and Mills"' in their INCIDENT ANGLE (deg)
numerical analysis of grating coupling for 800-nm-period Fig. 17. Calculated zero-order reflectivity for deep (hid - 1) si-
Ag sawtooth gratings. They evaluated the third-order nmsoidal gratings in TM polarization (d = 510 nma)

I
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For grating periods larger than the excitation wavelength, multiple-grating orders couple incident optical radia-
tion to the surface plasma waves (SPW's) characteristic of the metal-air interface. For a grating period that is
an integral multiple of the wave vector of these surface modes, two resonances become degenerate in coupling
angle. There are also permitted diffraction orders at this coupling angle. The vicinity of this multiple-mode
coupling resonance, where several free-space electromagnetic modes, as well as two surface modes, are coupled
by different orders of a grating, is known as a minigap region. Not surprisingly, the response surface displays
complex dependences on frequency, angle, and grating proffle. A detailed experimental and theoretical study is
presented of the optical response at 633 nm in the (+1, -2) minigap region for Ag films deposited on photolitho-
graphically defined 870-nm-period gratings. Measurements of both the 0-order reflectance and the -1-order
diffraction are presented for a wide progression of grating depths. The SPW resonances depend on the grating
depth, and this variation is used to tune through the minigap region for a fixed wavelength and period. Simi.
lar measurements are presented for a single grating as a function of wavelength through the miugap region.
In both measurements the 0-order response shows only a single broad minimum as the resonances approach
degeneracy, while the -1-order diffraction shows learly defined momentum gaps. A simple theoretical model
based on the Rayleigh hypothesis is presented that gives a good qualitative picture of the response. The re-
sponse surfaces are sensitive to the grating profde, and detailed modeling requires inclusion of higher-order

(3 grating components.

1. INTRODUCTION tied out a detailed experimental study of the anomalies of
sinusoidal diffraction gratings in the visible spectrum.

Optical interactions with metallic gratings have long fas- The anomalies were characterized in a Littrow configura-
cinated scientists. Woods initial observations of grating tion as a function of groove depth, period, and wavelength,
anomalies' were classified by Fano' into (1) diffraction and in some cases a reluctance of anomalies to merge was
anomalies associated with the redistribution of energy observed. Kroo d* at.* observed similar gape in the dis-
among diffraction orders when one order passes over the persion relation of SPW's in metal-oxide-metal structures
horizon (i.e., the propagation direction reaches an angle of and attributed them to the crossing of(+1, -1) coupling to
90" to the grating normal) and (2) resonance anomalies SPW's. Chen et al. experimentally investigated grating
associated with the propagation of guided waves along the coupling to SPW's in the minigap regions, i.e., degenerate
grating interfacs. A large body of experimental and theo- coupling to SPW's in two different grating orders, such asI retical research relating to optical interactions with peri- (+1, -2) or (+2, -2), and measured energy gaps for vari-
odic surfaces has been accumulated." This paper is ous minigap regions. Weber and Mills" and Tran et al.'
concerned with resonance anomalies and is focused on the showed theoretically that interaction of elastically scat-
propagation of guided waves, known as surface plasma tered SPW's result in complex response surfaces in the
wes (SPW's), on bare metallic surfaces. vicinity of the minigaps and that a direct interpretation in

For grating periods ses than the ezcitation wavelength, term of a modal dispersim relation is difficult at be
only first-order coupling to SPW's is perLnitted and has Dei modeling and careful evaluation of couplings in
been described in detail elsewhere.' For grating periods both amplitude and phase are necessary for a full appreci-
larger than the incident wavelength it is possible to couple ation of the experimental results. Heitman et al.
to SW s in higher orders and to observe electromagnetic showed from experimental studies on metal-oxide-metal

interactions between these couplinga. Than interaction structures that the existence of energy or momentum
are the major focus of this p . The first experimental gape was dependent on the mode of excitation and the ex-
evidence of these interactions between different coupling perimental observable; i.e., using fast electron excitation
orders was provided by Stewart and Gallaway,' who ob- and light emitted from metal-oxide-metal structures,
served that in some case Wood's anomalies did not become they observed energy and momentum gaps, but oly en.
coincident but repelled each other as the optical wave- ergy gape were observed from optical excitation (similar
length was varied to bring the resonances together. to Chen's results). They also pointed out that the anoma-
Ritchie d 1*. also observed gape in the dispersion relation lies strongy depend on grating period, depth, and profde
of the SFWs and attribUted them to higher-order interac- as well as on the excitation mechanism and the method
tion betwen PW'a. Hutley' and Hutley and Bird' car- of detection.

0740-3224/91/061348-12$3&00 C 1991 Optical Society of America
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0.60 - IC analysis, based on a simple truncation of the plane-wave
C expansion of the scattered fields within the R~ayleigh

hypothesis, provided remarkably good agreement with

0.48 the mjor features of the experiment are reproduced, the

3 I agreement is less satisfactory for this more demand-

ing came.
3 I I The dispersion relation for SPWs at a metal-air inter-

" 0.36 face is given by'

I SPW SPW: kww = ko[e/(1 + e)]', (1)
ZCOUPLINGi i COUPLING

S0.24 (+ 1); where ko is the free-apace propagation vector and a is
the metal dielectric constant. The excitation of SPW's
takes place whenever the wave vector of the incident light
parallel to the metal-air grating interface satisfies the

0.1 condit~on

/1 /1 ~ \ \ko sinG0 + 2irn/d = ±kpw (2)
41t d27f/4 4wt/d

0.00 I _I--where a is the incident angle, d is the grating period4, and
-0.9 -0.6 -0.3 0.0 0.3 0.6 0.9 n = 0, ±1, ±2,... represents the coupling order. For a

losaless free-electron metal (a = 1 - w,i,,a), the disper-

WAVE VECTOR (k/kmon relation [Eq. (1)] is plotted in Fig. 1, where k, = 1.I (k/P The vertical dashed lines represent the various grating
Fig. 1. Dispersion relation of SPW's for a losaless, free-electron orders, and the horizontal lines indicate the accessible
metal (qa i - e.'a4Thesaxes are normalized to w,,and k, - wave vectors (21rn/d to ho + 2irn/d) in the +1 and
sr,,* The grating vectors corresponding to the n = 1 ad n - 2 or(: --s. Note that conuping to SPW'a can be achieved
±t2 orders of a grating of period d are shown as vertical dashe for both of these order for the choice of w, and d corre-Ins rmnna to grazing iniece for n - +1aynd a- 2esmputi to the present experimnt Coupling in the +1I

abow ashorzonal ine. Nte hatforthi dwce f pnim- ( 2)orders results in the propagation of SPWs in the for-
tos(Ald - 0.73), twere are sPW resonances and that te- ward (backward) [~. same (opposite)] direction us the y

diffraction order popagates thr~oughout the 5iigiilar mugs component of the incident wave vector. The -1 diffrac-
tion order is permitted throughout the angular range of

When higher-order couplings to SFWs ane studied, the the two SPW couplings, and its properties are strongly in-
permitted diffraction orders are strongly coupled to the fluenced by the SPW resonances. Also niote that degener-

sFw's; therefore the incident beam, all propagating dif- acy in the coupling angle 0 corresponds to the coupling of
fracted beams, and the SPW's must be taken into account the oppositely directed SPW'a by an integral multiple of
for a complete understanding of these complex interac- the grating wave vector (3 in this case) In a fashion fa-
tions. The effect of SPW resonance on diffraction orders miliar from many examples of mode couipling, this degen-
has been studied by many authors" However, all those eracy results in the interactions between the SPW modes
studies dealt with single SPW resonance; the effects of that give rise to the minigap effects.
Multiple coupilings Mav not been investigated! experimen-I tally Here, a systematic theoretical and experimental in-I
vestigation of SFW interference in the (+ 1, - 2) minigap N*-Wo Loser

region is presented. Both the 0-order reflectance and the I---
-1I-order diffraiction (the only permitted iliffraction order
in Wtk angular reio ofBPW coupling) wvere measured at teom

60 nmas 0function of the incidest ange fo arima grat-
ing depths and proffles at a fixed grating period of 870 tim.
The angular shifts in the VPW resonance angles as a DtoeIresult of the increasing grating depths wereused to tuns

*in te0-order reflectance and the -1-order diffraction to
*find the total reflected energy. we observed momentumsa*

Ps. Also for a single-grating profile similar Masone-
menta were repeated as a function, of wavelength. Con-
sistent, with the experimental results discussed abovumes tgImanientuin gap@ e no on in the 0-order reflec- cotrC

aerved in the -1diffraction order.
rinally, a simplified thetical formalism, developed rig. 2. Experimental arrangament fbr reflection and diffraction-.

for the analyss of fiut-orde couplng.' is extended. This 3rder measurements.
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for the different areas sampled in the optical and SEM

measurements.

3. 0-ORDER REFLECTANCE
2uj- 24 am MEASUREMENTS

h= 55 31" Z2- 3 n Figures Se-3d show the 0-order reflectance scans as the
___________grating depth is increased& The plots in Figs. 3e-3b are

Obtained from the modeling and will be discussed in Sec-
tion 8. The following important features should be noted:

(1) The excitation of SPW's in the first (n =+ 1) and
Z second (n -2) orders at -180 and 24.7*, respectively,

IFu j= 30 m (2) The horizon for the associated diffraction orders at
c, b h= 66 nin f Z2- 4 m l&8' and 27.P, respectively,

(3) The increase in the fli-st-order coupling efficiency as
the grating depth is increased,

(4) The relative weakness of the second-order coupling,
(5) The decrease in the angular separation of the two

~= ~. gcoupling resonances as the grating depth is increased.

Zul:= ~ ~ (1 36n lontetthe ira lahit in the -2on-order copigs rength

(2) The merging of the first- and second-order cou-

2u,= 0 nm plings, resulting in a saddle-point line shape,
d h= 85am ii Z22 =l Dnm

10 15 20 25 30 10 15 20 25 30h-9 Zl70n

C'INCIDENT ANGLE (deg) 2U2- 14 nmI Fig. &. 0-order reflectance* at 633 am for 870-nm-period grat-
ings with varying grating depths h. The left-hand column
presents experimental results; the right-hand olumn presents
theoretical modeling. See the text for details.

2. EXPERIMENT__ _ _ _ __ _ _ _ _

Gratings were fabricated holographically in positive photo. h- 110 Dm 2u 1-90 amIresist on Si substrates with a single-frequency Ar-ion .22 20 um
hase sowrc at 488 nm.' Grating depths were varied by z
adjustment of the exposure time. This results in varis.
tions in both the depth and the grating profile, which E-el
varies from approximately sinusoidal at smiall depths to U f
rectangular at the deepest gratings investigated& These .
photoresist gratings were coated with -100-nm-thick Ag Z -12n u-10nfilm with the use of an electron-beam evaporator system W .12a 2u2 - 130 Um
at room temperature and at a bcound vcuu of low- W U- 6
10-4 Tarr.

The optical measurements were scans of reflectance
(diffraction) versus incident angle in the experimental ~ _ _ _ _

setup shown in Fig. 2. In this arrangement two concen- c - La
tic rotation stages are used, with the sample mounted on
th inner saendtedetector mone nteItY -10n u-10n

stg.The data aqitonstep involved a corn-nal 150-am Z 0 am
puter interfaced with a stepper motor controller, which, in
turn controlled the two rotation stages. Most measure-
ments mwe made at the He-e lase wavelength. Fair the

-aibewavelength measurements a ow dye-laser source d LIh
wa s&Gtgdptswimaue in rmssectioni 1NIDN ANGL (0d0e015 g)25

(ihasann lcrnmm Sco EX). This intro- 1 5 2 5 33duoserror estmated at ±5unm,ow touneti~sICDN NL dg

in the SEX calibration and to variations in grating depthsig 4 Sam as Fig. 3 but for deeper gratings
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S.7% 1from that of Figs. 3 and 4. For these approximately
4I rectangular grating structures (cf. Fig. 7), there is an

overall decrease in the 0-order reflectance, an absence of
clear SPW coupling resonances, and line shapes that do

a not lend themselves to simple interpretation.

4. -1-DIFFRACTION-ORDER
MEASUREMENTS
For this grating period and measurement wavelength the
-1 diffraction order is a propagating mode throughout the
entire incident angle range including that of the SPW reso-
nances. Coupling to this propagating order provides addi-
tional information on the SPW resonance characteristics.
In fact, the first observations of Wood's anomalies were

b related to diffraction orders rather than to O-order reflec-
tance. Measurements of the energy coupled into the SPW
mode must take into account both the reflectance and the
energy coupled into the diffraction order. Diffraction-

order scans corresponding to the 0-order scans of Figs. 3a-
3d are shown in Figs. 8a-8d; as above, the plots inI Figs. 8e-8h are obtained from theory. The vertical scale
on these measurements is the same as that for the 0 order,
so the diffracted energy in the -1 order is significant
when compared with the reflectivity. The following fea-tures should be noted:

| te(1) Thuldne shapes are derivativelike as the incident

angle is varied through the SPW resonances,
()The coupling srntsaequlincontrast with the

much weaker -2-order coupling observed in the reflectiv-
ity (cf. Figs. 3a-3d),

(3) Neither the maxima nor the minima in the diffraction-

order intensities correspond to the 0-order minima,

S"~ (4) There is an enhancement of the diffraction-order in-
I" , ~. tensity in the region between the SPW interactions,

-(5) As the grating depths increase, the angular separa-
tion between the SPW resonances as measured between

, d= 8370 nm

h= 200 nm
Fig. 5 Crs-section SEM phographs of the gratings used
for the experiments. The measured depths are (a) 95 nm,
(b) o nm, (e) 122 nn,and (d) 150 n z

E- a
(3) The emergence of a broad minimum (Fig. 4d), r.

where first- and second-order couplings can no longer be
distinguished.
This is similar to the behavior observedu and calculated' 87
for similar ried-frequency reflectivity scans in the vicin- h= 380 nm
ity of a minigap. As a result of the saddle-point response
surface, only a single, broad resonance is observed when 0 0
is varied for fixed ,% while two distinct resonances and an I

energy gap are found when w is varied for fixed 0 b
In Fig. 5 SEM profiles of the gratings used to obtain

Figs. 4a-4d are shown. Increasing grating depth also 10 15 20 25 30results in increasing deviation from sinueoidal profiles an
a result of the grating fabrication technique." For still INCIDENT ANGLE (deg)

deeper gratings the corresponding measurements are Fig. 6. 0-der refletances at 633 nm fr gratinp with (a) raid-
shown in Fig. 6, wIere the vrtical scale is unchange ,al SPW effects mid (b),,rive beh,,o.
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(3) The enhancement in the -1, diffraction order is such
tt the minimum in the 0 order (Fig. 4d) corresponds to

* th maximum in the diffraction order (Fig. 94)
W A comparison of the 0-order (Figs. 4a-4d) and - 1-diffrac-

Lion-order (Figs. 9a-9d) measurement. shows that much
of the incident energy in re-emitted into the diffraction
order. This enhancement in the diffraction-order inten-
sity is mediated by SPW interactions.

Finally, the diffraction-order measurements are showna ~for gratings with residual SPW coupling effects (Fig. 10a)
and without SPW effects (Fig. 10b), corresponding to the
0-order scans of Fig. 6. For the shallower grating, there
is a decrease in intenity, and two broad minima, at 18.2*I and 24*, are observed, with the minimum at ir* corre-
sponding to the maximum in the 0 order (Fig. 6a) and the
minimum at 24* corresponding to neither the minimum
nor the maximum in the 0 order (Fig. 10a). For the deep-
est grating measured, there are no residual SPW effects
but rather a substantial decrease in the diffraction-order
intensity for all angles.

* 5. ENERGY-SUM MEASUREMENIS

For these measurements, only the 0 and -1 orders areI * propagating within the angular range of SPW inter-
actions. Thus we can evaluate the total energy coupled to

h- 55 m 2u 1 = 24 umI.2u2= 3 n
diffractlou order X 10

dlftracUon orde X 10

___ 6 ' 2ui= 30 nm

~ b=6nm2ua- 4nm
diffrecUon order X 10

0 b f diffraclion order X 10

z
Fi.? 7Cross-section SKM photogragiia of the gratng. used for h- 77 nm r2u1 36 n

either the minima or the maxima of the line shapes, first Z4 . o 2u Sa

of Figs. 4a-4d, the diffraction-order scans are show 2u 6 -
in Figs. 9a-Kd where, as abve Figs. 9e-9h are the resul 2u2- 211 0 am
of theoretical modeling that will be discussed in Sec. 12 1 r

tion &. The following features can be noted from these

measurements:

(1) There is an1 increse in the angular separation of the
two minima with increasing grating depth, in contrast 10 15 20 25 3o 10 15- 20 2i 30

wihthe behavior in the Oorder measurements, where the INCIDENT ANGLE (deg)
minma nme toward each other and mege th Fig. &. -1-diffraction-order scans for the gratings used in

(2) There is a decrasei the angular sparation f Fi. & The left-hand column presients expenmental results; the
two maxima (Figs. 9a-9c) and an emergence of a single rihhand coum peets theoretical modeling. Se hetx
maximum (Fig. 94) for details.
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h= 95 nm Zu " 7 0 n m  I were not observed in the 0-order reflectances. Also, the
h=- 15 nm ~diffraction-order line shapes were similar to the 0-order

2u2' 14 ~line shapes at SPW resonance angles. Not unexpectedly,
the higher-order Fourier components of the grating pro- 

-..II d= 870 nm

IC

h=I0 110 0 n30
2u2= 20 rim

E- = _122 ri2 30n -

I ___.9.-1dirtonore ________orthe__gratings

0J -_ _=_ _70_

h= 380 nm

h- 150 nm2ui= 10 rmb
2u=0I 10 15 2 0 25 30

INCIDENT ANGLE (deg)
Fig. 10. -1-diffraction-order scans for the gratings used in

d hFig&

10 15 20 25 30 10 15 20 25 30

INCIDENT ANGLE (deg) CT
FirThe -1ifactioorentas for the dee grating .Figs . 4 .9

I The left-hand column presents experimental results; the right-hand column presents theoretical modeling. See the text for

SPW's by adding the energies in the orders. Fig- n e h= 9
urea Ia-ld show these energy sums for the measure-
menits of Fig. 3 (0 order) and Fig. 8 (-1 diffraction order).
The measurements for the deeper gratings (Figs. 4 and 9)

4are given in Figs. le-in. Note thatrtoriso b= h1r

(1) coupling efficiencies reduced in
with the 0 order, since some of the incident energy i alsmcoupled into the diffraction order,momen____a;___

(2) The coupling of energy to SPW's in the -2 order is
manifested by the resonance line shape, in comparison

with the laswell-defined line ha e of Figs. h-3d, 0
(3) There is a gradual increas in coupling efficiency

and a broadening of the first-order resonance line shape
followed by a decreasing efficiency at still deeper gratmigs, jc 77 rim - h- 122 rim

(4) There is a decreasing angular separation (Figs. Ila- Z _______)

h1f) followed by an increasing separation for deeper
gratings.

StlBoth the - 1-order measurements and the energy-sum
measurements show a well-defined momentum ga; L~e.,
they show two resonances as a function of G a fixed.t
that first approach each other and then diverg as the jd h- 65 hm h'150nrmIgrating depth is increased. 10 15 20 25 30 10 15 so0 3 s

The experiments exhibited strong dependence on the INCIDENT ANGLE (deg)
details of tegrating poe&Frsm aMwtap Fi.1.Energ-sum Orr reflectance pS-1-diffraction-
proximately sinusoidal profiles, saddle-point line shapes order) scans for the grating used in Fig 3, 4, 8, and I

I
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= 8(4) As in the previous measurements, the - I-diffraction-

d- 870 nm morder meuremenst show comparable, mirrr-imw cou-
h= 95nm Ag fo the two 8PW resonances, while the -2-order

coupftis barely observal inth -order reflecto.

a)A further increas in wavelength brings the two cou-Sa -J-pin) still closer, and some interference effects are ob-
_served as shown in Fig 13. Themaor featuresanothe

X= 593 nm following:
(1) The monotonic shift to smaller angular values in the

O-order reflectance scans corresponding to the n = +1
coupling as the wavelength is changed (Figs. 13a-13d),

(2) The appearance of a sharp feature at 23.8' in the~-1-diffraction-order measurements (Figs. 13e-13f),

E--4 _ _which corresponds approximately to the horizon for the

X= 600 nm appearance of the -2 diffraction order,I (3) The appearance of a slight discontinuity in the -1-zdiffraction-order line shape (Fig. 13g),
(4) The decrease in the angular separation between the

E-two coupling. (Fig.. 13e-1g),
C. 9 (6) The sharp increase in the diffraction-order intensity

II as the two couplings cros each other.

X= 607 nm In Fig. 14 these measurements are extended to stilllonger wavelengtha, beyond the (+1, -2) mingap region.
The major features include

I(1) The appearance of n = -2 coupling in the 0-order

o h scans (Figs. 14a-14d),
10 15 20 25 30 10 15 20 26 30

INCIDENT ANGLE (deg) d= 870 nm X= 610 nmNFg. 12. 0-order reflectance and -1-diffraction-order scans
for the 96-nmzdeep grtig (rL 4a, 9a, and Us) as the wave. h= 95 nm
length is i coed from 586 to 607 nm. The left-hand odumn
presents the 0-order meamnuments; the riht-hand column pe-
sents the -1-diffraction-order meaurment.

riles substantially affect the rst- and second-order cou- e

ping strengths and line a m 
X=p12& VARIABLE-WAVELENGTH 11 71 [ 12 nm

MEASUREMENTS
n 96-nm-deep grating (Figs. 4a, 9a, and lie), a series
of O-order reflectance and -1-diffraction-order measure- b _JL
menta was carried out as a function of wavelength. The
output from a dye laser was tuned through the 580- H

-nm range, sufficient to probe the (+1, -2) mnip= 614 nm
reO

Figure 12 shows the 0-order reflectance (Fgs 12a-12d) Z
and -1-diffraction-order (Figs. 12e-12h) scans as wave- W F :____length is increased from 586 to 607 nm; the vertical scale H Cfor the diffraction-order mesuremets is tn times more z

sensitive than the corresponding scale for the 0-order

measure Note the following essential features: X= 617 nm(1) The angular separation decreses between the n
+1 and n - -2 couplings, with the angular shifts in the
second order being almost twice those in the first order,

(2) A wel-inedW resonance is absent in the 0-order i .)Ca
scans corresponding to the a - -2 coupling, and the broed t *k)

esoW namce corresponding to the a - +1 coupling 10 15 20 S5 30 10 15 20 26 30

mom toar smale mngular values (Figs. 12a-124) INCIDENT ANGLE (deg)
(3) The intensity in the -1 diffraction order is gradually Fig. I& Sum a Fi. 12 but for an invwes" in wavaJegth from.

reduced in the angular region between the two couplings, 610 to 617 am.
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d= 870 rim X= 619 rim In addition, differential formalisms developed by Nevire

8= 0 nm=5 e al. and Numatar have also been used to study SPW
nm dispersion relations. All these methods are rigorous, hold

for arbitrary grating profiles, and require extensive com-
putation.

a+ ) -3Simpler, approximate formulations have been intro-Yoe (Iduced starting fothRalihhypothesisi" and fromthe extinction theorem formaham.w These were demon-

X = 621 nm strated to offer a good approximation of the exact calcula-
tion2 and to first-order coupling experiments.' While
these formulations are lacking in ultimate rigor and accu-
racy, they offer a good intuitive physical picture of the
interaction with a minimum of computational difficulty.

b f Here, the extension of this simple formulation for the

E-4_ minigap region is briefly described. More details are pre-
i X 28n sented in Appendix A.
U) For TM-polarized light incident on a sinusoidal surfaceH z with an excursion of 2u, a straightforward but involved

algebraic procedure results in the coupled linear differen-

tial equations

z J,(k.u) + B:(-1)1-'J_.(a.u) - B' J,-.C8.u) = 0,

X= 633nrm (3)
ih K. - pg . ,u)

II~ 10 a5~[. - (p - n)gA~]z~)ajaau10 1e5 20 25 30 10 15 20-2 30se• aj

INCIDENT ANGLE (deg) (pj~ -P g -= 0, (4)
Fig. 14. Same as Fig. 12 but for an increase in wavelength from X CI
619 to 633 nm. where all variables are defined in Appendix A.

(2) The appearance of a sharp feature at 24.2" (Fig. 14e) SPW COUPLING IN THE
corresponding to similar features in Figs. 13e-13f,

(3) The increase in angular separation between the n(l2 N-A R I
+1 and n = -2 couplings, -first order

(4) The increase in -1-diffraction-order intensity in the - fs r
region between SPW couplings, • second order

(5) The reversal of the resonance line shapes in the 6".
diffraction-order measurements, evident from a compara.
son of Figs. 12e-12g and 14e-14g. 59

Thus, as couplings to SPW's in the first and second 504

orders become degenerate, interference effects result in F a 0-order reflectance
an enhancement in the diffraction-order intensity over a 0 .U narrow angular range. When the modes cross each other, - 640
the resonances observed in 0 order show a single minimum b
and do not exhibit a momentum gap (Fig. 15a), while a assI clearly defined forbidden momentum gap is observed for -

the -1-diffraction-order scans (Fig. 15b). The magnitude 612

of this gap is -0.3* and is in good qualitative agreement > 5"

with the momentum gape observed by Heitman et al."

7. THEOY -1 diffraction order

A variety of mathematical formalism have been applied to 87 1 7 1. . . 2
describeopticalinteractionswithperiodicsurfaes. Inte- INCIDENT ANGLE (deg)
gral methods were first proposed by Petit and Cadilhac,'
WVrgin, m and Uretaki.= A number of integral formula- Fig. I& Plot of the resonance behavior observed in Pigs. 12-14.

The 0-order reflectivity (a) shows a single dominant resonance
tions have been investigated, inchxuc a Grens-function becomng a single broad minimum in the minigap region. In
formalism based on an extinction theorem mechanism cotraust, the -1-diffraction-order scans (b) show a well-defineddeveloped by Glass et al., Lak e al," and Utagawa." momentum gap eorresponding to the (+1, -2) minigap region.

I
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d= 854 nrm 2u 1  60 nin D(p) + XE(p, n) - 1 IF(p,n)
h=54 nm -2u2 =O0nmne An

+ [G(Ps) + EI( n,s) - 0

where A, B, C, D, E, F, G, I, and L are defined in
Appendix A.

tj cEquations (6) and (7) reduce to Eqs. (3) and (4) for usz0. The terms in these equations are of the general form
JJ,,; in the numerical calculations terms are retained up

-I durfecUon rdw X 1o to s + o' = 3; i.e., JoJo, Joj], JoJx, JoJ3, JJ 1 , and JJ.
,-1 d atonwer) I*0Oo orde 10/ 8. COMPARISON BETWEEN THEORY

I AND EXPERIMENT
In a previous analysis of first-order coupling to SPW's it
was shown that the beat fit to the experimental results was
obtained for a Ag-film dielectric constant of (-1365,0.82)

b d (Ref. 5); this value was used without further adjustment.
.... 1In Fig. 16 experimental and theoretical reflectance scans

10 15 20 25 30 10 15 20 25 versus angle are shown for an 854-nm-period grating with

INCIDENT ANGLE (deg) a nearly sinusoidal profile. The theoretical calculations
were carried out with the use of Eqs. (6) and (7). Note

Fig. 16. Comparison between theory and experiment for a that the calculated + 1-order coupling resonance line shape
grating with a nearly sinusoidal prorfile. The left-hand column
presents experimental results; the right-hand column presents in the -1-diffraction-order scan (ig. 6b) is similar to
thortial modeling. the O-order line shape (Fig. 16a) and that the two reso-

nances are comparable, although only a small enhance-

In the derivation of Eqs. (3) and (4) no small-signal ment rather than a coupling dip at the -2-order resonance
approximation is made for either the grating depth or is observed in the 0-order scan. The theoretical line

the diffraction-order amplitudes. From the dispersion- shapes (Figs. 16c and 16d) closely follow the experimental
relation curve in Fig. 1, for the present case the only reso- line shapes, although the observed resonance widths are

nant terms in the above expansions [Eqs. (3) and (4)] are slightly larger than those predicted.
n = +1 and n = -2. The n - -1 term is the permitted For grating profiles deviating from a sinusoWal shape,
diffraction order and is strongly influenced by SPW inter- U1 and U2 were adjusted to produce line shapes closest to
actions, The infinite series was truncated at n = 0, - 1, those experimentally observed. In Fig. 17 the experimen-

1, -2, which resulted in an 8 x 8 matrix and considerable
simplification. Previous analyses included many more d= 765 nm
terms and provided significantly greater accuracy. Since h= 24 nm
the experimental profiles were not precisely sinusoidal, y
additional Fourier components were included in the grat-
ing profile. It was shown by Van den Berg and Fokkema-
that the Rayleigh hypothesis would still be valid if a pro-I file could be described by a finite Fourier series. The
mathematical analysis, however, becomes progressively 2u 1 = 19 nm

more complex as the number of higher-order Fourier om- U a C
ponenta is increased. For the present purpose the surface z
profile is redefined to include only one additional Fourier -cc

- : Z -sin(gy) + us sin(2gy). (5) N

In general, u2 in much smaller than uI. For this profile
we obtain

J(k'u1)J.(k'u) + z(-1)-"J,.(a'uj)J*asu)B: b _ _ _

5 15 25 35 45 5 15 25 35 45

EQ- a ]0INCIDENT ANGLE (deg)
+ IAAa) + XB(An, 8) + IC QA , )1 0 (6) Pig. 17. Comuarison between theory nd ezperint fr ape-

- file showing a slight deviation from a sinusidll diap Mw Wl-
hand column presents experimental results; the right-hand

Iand clmn p t modeing.
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tal and calculated plots for a grating with a 765-nm period (1) An energy enhancement for the calculated line shapes
are shown. This grating deviated from a sinusoidal pro- in the region between SPW resonances (Figs. 9e-9h),
file and showed appreciable coupling in the second order (2) The appearance of shallow minima (Figs. 9e-9h),
(Fig. 17a). In the -I diffraction order sharp spikes in in- (3) The appearance of an asymmetric line shape in I
tensity at SPW resonance minima are observed (Fig. 17b). Fig. 9g,
The calculated 0-order plot (Fig. 17c) is similar to the ex- (4) The sharp decrease in signal from -Ur to 150 in
perimental plot (Fig. 17a). The calculated -1-diffraction. Fig. 9h
order plot (Fig. 17d), although showing intensity spikes at
both SPW resonances, fails to display the experimentally Thus the comparison of theory and experimental results

observed dispersionlike minima, shows unequal intensi- indicates that, although the theory manages to show major

ties at the SPW resonances, and does not replicate the ob- features of our data, many finer details are not observed.

served diffraction efficiency enhancement in the region A more detailed theoretical investigation, including both

between the SPW resonances. higher Fourier coefficients and a more rigorous formal-

Thus this simple model includes many of the major ism, is necessary to provide a detailed fit between theory

features observed, but for a complete description higher and experiment.

Fourier coefficients must be included, as we can see
in comparing the experimental and theoretical plots in . SUMMARY
Figs. 3a-3d and 3e-3h above. Note the following features: A sUtma rI A systematic experimental study of interactions between

(1) The resonance line shapes in the second order are SPWcouplings in the (+1, -2) minigap regions is reported.
different (Figs. 3a-3c and 3e-3g), The experiment covers the entire range of SPW inter-

(2) The observed grating depths are much larger than actions, ranging from weak-coupling to stronger-coupling
those predicted (Figs. 3a-3c and 3e-3g), effects and to deeper profiles showing absorption rather

(3) The calculated angular shifts are much smaller than than SPW effects. The simple theoretical model, al-
those observed. though missing many of the finer details, shows the major

The large difference in grating depths and the 3econd- features of our experimental data. One can develop a

order line shapes is due to the omission of higher Fourier better model by including several Fourier coefficients in

coefficients in the grating profile that result in cancella- the grating prof'ile.

tion effects in second-order coupling. Specifically, the Several extensions of this work are immediately appar-
model at present does not include a third-order coeffi- ent. For larger grating periods there are more diffrac-
cient. Yet, as we discussed above, it is just this Fourier tion orders, and it would be interesting to see how energy

component of the grating that resonantly couples the is distributed in these orders at SPW resonance angles.
counterpropagating SPW modes. For deeper gratings Also, the appearance of momentum gaps in the 0 order
the comparison between observed (Pip. 4a-4d) and pre- depends on the strength of interactions.
dicted (Figs. 4e-4h) reflectance scans show the following As we noted above, there has been much discussion of
features: the physical significance of momentum and energy gaps in

(1) There is an evolution to a broad minimum (Figs. 4e- the minigap regions. As this study, as well as others, °1 4

demonstrated, the response surface is quite complex in the

4h), vicinity of a minigap, and a complete analysis of the ex-
(2)s The aclaed and o d eperimental situation is necessary. Most theoretical treat-

(3) The calculated angular shifts are smaller than t ments of SPW effects on gratings can be cast as a linear

observe, aalgebraic problem of the general form ME = 8, where the

The calculated energy coupled tthe diffractio vector E represents the response fields, M is the medium
order is much higher than that observed. response matrix, and 8 is the source of excitation vector.

Formally, this is solved as E = M 8, where each term in

Note that the calculated plot in Fig. 4h is for a sinusoidal the inverse matrix is proportional to (det M). In many
profle while the actual profile shows considerable dvis. situations knowledge of this determinant, and hence

tion from a sinusoidal shape (Fig. 5d). These compari- of the dispersion relation, is sufficient for an understand-
sons emphasize the importance of knowledge of the exact ing of the main features of the response. For example, for

profile for calculation of its reflectance behavior, the case of a single SPW resonance, the experimental diw-
The comparison of calculated (Figs. 8a-8d) and ob- persion relation obtained from the resonance angles and

served (Figs. 8e-Ah) diffraction-order line shapes shows the linewidtha of the 0-order coupling dips are in reason-
the following features: able agreement with that calculated from the determinant

(1) There is a lack of energy enhancement in the region of M; higher-order terms can be added to evaluate the ef-
(1etee iest lkes Fiengy ehcem t ifect of deeper gratings.' In the minigap region this pro-

between intensity spikes (Fig s 8e-sh), cedure clearly is not appropriate; for example, neither of

(2) The calculatd spikes in intensity are slightly aym- the extrem observed in the first-order coupling coincides

ecin the diffraction order is with the 0-order coupling resonance angles. In this situ-
(3)he a atd benver. ation it is not possible simply to extract a dispersion

higher thani that obserd, relation from the experimentally observed line shapes. A

For deeper gratings a similar comparison of observed full treatment of the system response is necessary for in-
(Figs. 9a-9d) and calculated (Figs. 9e-9h) diffraction- terpretation of the measurements in terms of modes and
order line shapes shows the following features: dispersion relations.
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APPENDIX A F p, n) - B,=[P. - (p - n)g(k./P,)]
For a TM-polarized plane wave incident on a sinusoidal x d,.(PuJr/f,,ua) - gk.uaB.
interface we can define a (magnetic) B field below and X [Jf-,-sAluJ + J'-,.(P3uJo("u),
above the grating by using the Rayleigh hypothesis:

G pxa) - [k, - (p - 2s)g(hk,h)]J,...(k,ui)J,(k.u 3 )

BJr(. z) = exp(i(k/y + k.z)] + B: expri(K.y - az), + (-1)1k. - (p + 2s)g(k,/k.)J,+.a.(k.uj)
0 x J.(k.u) - gufJ

I + (-1rJ,,b-(k,u)]J,(k.uj) - g4,u2

B I (y . z ) = B . e x p [ i ( K . y + P .Z ). , z > O x J , ( k u ) + ( - ) JgJ y(k u ] J ,(k2 u ) ,

wherek = ko sin A k. = ka cos g A. = Ic, A. - k, + ng I(p, n,a) = -(-1)-rB:[a. - (p - n - 2s)g(k,/a.)]
(n - 0, ±1, ±2), g = 21r/d (d is the grating period), and x J,-._.(au)J(a.u2) + (-I)'B:

a. = i(k. - k 2 )m", 0. - i(k,' - eko2)"'. x [a, - (p - n + 2s)g(k./a.)]

For a sinusoidal surface the profile is given by × J,. 2.(a.uj)J.(a.u)- g.uB
m ~X [J,.-z,-,(a.uj) + (-1)YJ,-. 2.-2(a.u,)]

fAy) -u sin(gy), x J.(a.u2) - g4,u2B:[Jp-.-2..2(a.uj)

Iso that, by applying the generating function for Bessl + (+lYJ,-. . 2(&.uJ)]J(a.u2),

functions, we obtain Lp,n,s) =B.'. - (p - n - 2s)g(k./p.)]

exp(iyf(y)] -i exiiyu sin(gy)x exp(ipgy)J,(ju), X J-.-2AP.us)J.(P.u2) + (-1)B"

--t x [P. - (p - n + 2s)g(k,/P.)]

By applying the boundary conditions X JP-.+U(P.ul)J.(P.u2) - gk.u 2B:'3 B(y,z) = B'(y, z)l. ), x [J,-.-2.-2(.u) +

1 x J.(P.u) - g4.usBmJ,_.-s. s(P.u)
nBy(y, z) = +B( z)IJ.,+ J]J
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